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ABSTRACT

The beet armyworm,Spodoptera exigua (Hubner)(Lepidoptera: Noctuidae), is a

sporadic, but serious late-season pest on cotton. The cultivation of genetically
modified varieties of cotton, sueb as Bollgard I and Bollgard II is being explored as a
possible supplement to integrated pest management programs. This research consisted
of two components: I) evaluation of the survival, developmental time, and pupal
weights of beet armyworm larvae reared from the first instar until pupation on

conventional Roundup Ready(SG521R), Bollgard I(SGI25BR), and Bollgard II
(DPLXOIW970R)cotton varieties, and 2)evaluation of the survival, developmental
time, and pupal weights of beet armyworm larvae reared from the third instar until

pupation on conventional Roundup Ready(SG521R), Bollgard I(SG125BR), and
Bollgard II(DPLX0IW970R).

A survival of 24.6% was observed in feeding trials with beet armyworm larvae
reared from the first instar until pupation on Bollgard II cotton. A survival of56.2%
and 66.2% was observed for experiments with beet armyworm larvae reared from the
first instar until pupation on Bollgard I and conventional Roundup Ready cotton

varieties, respectively. The mean developmental time of the beet armyworm from the
first instar until pupation was observed to be slower for those individuals reared on
Bollgard II(31.7 days) when compared to larvae reared on Bollgard I (30.3 days) or
conventional Roundup Ready (27.4 days) cottons. A reduced mean pupal weight was
also observed for first instar beet armyworm larvae when fed until pupation on
iv

Bollgard II (0.0426 mg)in comparison to those larvae similiarly reared on Bollgard I
(0.0513 mg)or conventional Roundup Ready (0.0587 mg).

A survival of 34.2% was observed in feeding trials with beet armyworm larvae
reared from the third instar until pupation on Bollgard II cotton. A survival of50%
and 72.4% was observed for experiments with beet armyworm larvae reared from the
third instar until pupation on Bollgard I and conventional Roundup Ready cotton
varieties, respectively. The mean developmental time of the beet armyworm from the
third instar until pupation was seen to be slower for those individuals reared on
Bollgard II (9.8 days) when compared to larvae reared on Bollgard I(7.9 days) or
conventional Roundup Ready (6.0 days) cottons. A reduction in mean pupal weight
was also seen for third instar beet armyworm larvae when fed until pupation on

Bollgard II(0.0445 mg)in comparison to those larvae similarly reared on Bollgard I
(0.0456 mg)or conventional Roundup Ready(0.0470 mg). This research contributes
to our understanding ofthe relative efficacy of transgenic cotton varieties such as
Bollgard 1 and Bollgard II with regard to minimizing the establishment of the beet
armyworm on the crop and also the economic damage caused by the pest.
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CHAPTER I
INTRODUCTION

i. Cotton

The cotton plant belongs to the family Malvaceae and the genus Gossypium. Of the
33 species currently recognized in this genus, only four species are commercially
important. Gossypium arboreum L. and G. herbaceum L. are indigenous to Asia and
are called Old World cottons. G. barbadense L. and G. hirsutum L. are indigenous to

the Americas and are called New World cottons. Cotton is grown on both sides of the

equator from 45^ N to 35° S latitude (Johnson 1926). The plant's wide adaptability is
due to its indeterminate fruiting habit(Lewis and Richmond 1972).

ii. The beet armyworm

a. Its early spread across the United States

More than 1000 insect species, including the beet armyworm,Spodoptera exigua

(Hubner)(Lepidoptera: Noctuidae), have been recorded on cotton(Mathews 1994).

The beet armyworm is believed to be native to the tropical and temperate zones of
Asia and Africa(Kawana 1993). In the United States, the beet armyworm is found

throughout the Gulf states, westward to the Pacific coast and northward to Kansas and
Nebraska(Metcalf and Metcalf 1993). It has been an occasional pest on cotton in the
United States since the early 1900s(Sanderson 1905) and was first reported in the
United States from Oregon and Califomia in 1876(Harvey 1876). From the west

coast, it spread quickly across the country and was recorded feeding on crops such as
1

cotton, corn, sugar beets and asparagus in Colorado (1899), Texas(1904), Kansas
(1911), Mississippi(1931) and Florida(1932)(Wilson 1934). Though the beet

armyworm caused localized problems on various crops in these states, it was rarely a
serious pest on either a regular basis or on a large scale (Ruberson 1996). However,
the insect has become a devastating pest of cotton across the cotton belt extending
from Texas eastward (Ruberson 1996).

The increasing frequency and severity of population outbreaks indicate that it
continues to adapt to cotton, even possibly selecting cotton as one of its favorable or

primary hosts(Ruberson et al. 1994a, Smith 1994, Ruberson 1996, Sprenkel and
Austin 1996). Biological characteristics, such as a broad host range, a relatively short

developmental time that permits rapid cycling of generations(Ali and Gaylor 1991),
and high reproductive capacity, predispose the beet armyworm to be an effective pest
(Huffman 1996, Sprenkel and Austin 1996, Ruberson 1996). The beet armyworm can

be difficult to control, as it is not easy to scout for in the field. Spotty populations in
the field can sometimes rapidly 'explode' causing an unmanageable situation
(Huffman 1996).

b. Host plants

The beet armyworm is a polyphagous pest of over 90 plant species in North America,
many of which are crop plants, such as cotton, sugar beets, asparagus, cotton, alfalfa,
com, lettuce, tomatoes, potatoes, onions, peas, citrus, etc.(Aarvik 1981, Pearson 1982,
Metcalf and Metcalf 1993, Stewart et al. 1996). The adult female moth oviposits in an

indiscriminate manner on any available host plant species, infesting a wide variety of
plants. However,the host plant oviposition preference of the beet armyworm female
appears to correspond directly with the nutritive value of the potential host. This host
preference is reflected proportionately in the size of the egg mass laid by the female
moth (Jack 1915, Cherian and Kylasam 1939, Atkins 1960, Davidson and Lyon 1979,
Ruberson et al. 1994b, Greenberg et al. 2001). Populations of the beet armyworm
could build up on an alternate host plant like pigweed (Amaranthus spp.) and then

spread rapidly into cotton, when the altemate host plant is destroyed (Sappington et al.
2001). The beet armyworm is highly mobile, moving into grower's fields in large
numbers. The ability of the insect to travel long distances makes it difficult to predict
when and where the population outbreaks could occur(Ruberson 1996).

c. Life history

The beet armyworm was believed to overwinter only in the southern United States, in
states such as California, Florida, and Texas, and then capable of invading other states

during the summer months (Mitchell 1979). However, there reasonable evidence now
suggests that it is also capable of overwintering in the northern Gulf states at least
during milder winters(Ruberson et al. 1994a, Hendricks et al. 1995, Huffman 1996).

Although the insect is incapable of a true diapause, it can slow its development and

survive cold periods (Ruberson 1996). The adult moth has a wingspan of about 25-32
mm. The forewings of the moth are grayish-browTi with a pale spot in the mid-front
margin. The hind wings are white with a dark anterior margin and a fringed border

(Metcalf and Metcalf 1993). The female moth begins to lay eggs early in spring,
depositing them in irregular masses of about 80 eggs usually restricted to the
undersides of leaves (Metcalf and Metcalf 1993, Sappington et al. 2001). Around 80%
of the egg masses are deposited in the upper 50% of the cotton canopy and

horizontally within the inner 50% of the canopy around the central axis of the plant
(Sappington et al. 2001).

The average estimated fecundity of the female moth ranges from 500-600 eggs,
laid during her 4-10 day life. The eggs usually hatch in 2-5 days. The larvae feed for
about three weeks and spin slight webs over the foliage (Metcalf and Metcalf 1993).
The beet armyworm larvae feed in groups through the first and second instars, and
then disperse as third instars(Poe et al. 1973). The smaller larvae skeletonize the

leaves, and the larger larvae can feed on foliage, squares and small bolls(Huffman

1996). The mature larva is about 3.18 cm long, green usually with prominent dark
lateral stripes and a conspicuous dark spot on each side of the second thoracic segment
(Metcalf and Metcalf 1993, Huffman 1996). There are five larval instars per

generation. Pupation occurs generally in the upper 0.6 cm of soil in a cell constructed

by gluing soil particles and trash together using a sticky secretion. The entire life cycle
of the insect from the egg stage to the adult usually takes about 30 days at 27

(80

°F)(Metcalf and Metcalf 1993). There are generally several generations per year (Ali
and Gaylor 1991).

d. Damage

Damage to cotton plants is primarily by defoliation of the foliage and flower buds as
well as in the form of etching on the fruiting bracts(Smith 1989, Jenkins et al. 1990).
Occasionally damage to the squares and small bolls is also seen late into the growing
season, but this type of injury has not caused much economic loss in yield as lateseason fruiting forms do not contribute significantly to yield (Smith 1989). In outbreak
situations, the larvae were found feeding mainly on the squares, flowers and young
bolls instead of on the foliage, during the fruiting stages ofthe cotton plant's

development(Smith 1989, Layton 1994, Graves et al. 1995, Mascarenhas et al. 1996,
Sparks et al. 1996). Damage is seen to be highest on seedling cotton, and little damage
is caused to the mature bolls(Huffman 1996).

e. Pest management strategy

The nature of the beet armyworm to feed in groups as first and second instar larvae
concentrates a large proportion ofthe population into a relatively small area when the
insect is most susceptible to insecticides. To bring about satisfactory control of the

pest, the insecticide must come into contact with a relatively small proportion of the
plant canopy. Application of insecticides is a problem when the plants are large and

the canopy is closed (Ruberson et al. 1994a). The control of beet armyworm with
conventional insecticides is thus difficult(Brewer and Trumble 1991, Graves et al.

1995, Sparks et al. 1996, Mascarenhas et al. 1996, 1998) and the later instars are

particularly hard to manage (Sappington et al. 2001). The resistance developed by the

beet armyworm toward most classes of registered insecticides as well as the associated
environmental problems may limit their further use(Poe et al. 1973, Brewer and
Trumble 1991, Layton 1994, Burris et al. 1994, Sparks et al. 1996, Mascarenhas et al.
1996,1998).

Currently recommended insecticides, such as chlorpyrifos and thiodicarb, have not
provided satisfactory control of this insect across large areas of the mid-south and the
southeastern United States (Elzen 1989, Burris et al. 1994, Layton 1994, Graves et al.
1995, Mascarenhas et al. 1996, Sparks et al. 1996). Presence of natural enemies is a

key element in the management of the beet armyworm, and cotton is capable of
supporting a large and diverse complex of beneficial arthropods(Whitcomb and Bell
1964, Van den Bosch and Hagen 1966). In production systems receiving multiple

applications of organophosphates and pyrethroids, these complexes can be seriously
disrupted for the rest ofthe growing season. Subsequently, the production of an
acceptable crop requires the widespread and repeated use of insecticides. A strong
correlation exists between beet armyworm outbreaks and early-season broad spectrum
insecticide applications, especially organophosphates, against the boll weevil

Anthonomus grandis grandis(Boheman),the pink bollworm,Pectinophora

gossypiella (Saunders), and lygus bugs(Lygus spp.)(Eveleens et al. 1973, Stolz and
Stem 1978, Burris et al. 1994, Mascarenhas et al. 1996, Ruberson et al. 1994b, 1999,
Sappington et al. 2001)

Beet armyworm outbreaks were recorded in 1988, 1989, 1990, 1993, and 1995 in
Alabama(Smith 1989, Stewart et al. 1996), in 1993 in Mississippi(Layton 1994), in

1988, 1989, and 1990 in Georgia(Douce and McPherson 1991, 1992, Stewart et al.
1996), and in 1995 in the Lower Rio Grande Valley and the Southern Rolling Plains of
Texas(Summy et al. 1996, Huffman 1996). Though population outbreaks of the beet
armyworm are generally sporadic, they can be destructive (Smith 1989, Layton 1994,
Summy et al. 1996, Huffman 1996, Mascarenhas et al. 1998, Sappington et al. 2001).
States in the mid-south and southeastem United States that reported more than 50% of
cultivated area infested with beet armyworms during the 1995 cropping year include
Alabama, Arkansas, Florida, Louisiana, and North Carolina(Sprenkel and Austin

1996). During outbreaks in Alabama(mid to late 1980s) and in Mississippi (1993),

several cotton producers sustained severe yield losses despite extensive control efforts,
the cost of which exceeded $371 per hectare in a few areas (Mascarenhas et al. 1999).
Prior to 1996, the two highest records of loss of yield due to injury by the beet

armyworm were in Texas(50%)in 1995 and Georgia(13.2%)in 1988 (Stewart et al.
1996). In Texas, in 1995, over 1.2 million hectares were found to be infested to
varying degrees. About 0.5 million hectares, were treated at a cost of more than 31
million dollars. Despite the control measures adopted, the amount of damage that
resulted varied from severe to sub-economic(Huffman 1996).

Other conditions generally considered favorable to an outbreak are mild winters,

the early presence of beet armyworms, delayed planting and crop maturity, and

prolonged hot and dry weather conditions(Smith 1995). Due to the beet armyworm's

improved adaptation to cotton and overwintering capabilities, future widespread and
severe outbreaks are likely (Sprenkel and Austin 1996). The traditional insect pest

management strategy has relied on the application of synthetic insecticides to maintain
insect populations below established economic injury levels (Graves et al. 1999, Gore
et al. 2001). Certain classes of insecticides, such as organophosphates, carbamates,

and pyrethroids have been extensively relied upon for use in pest management

programs. Certain undesirable consequences, like the development of insecticide
resistance, the negative influence of these chemicals on non-target, beneficial

arthropods, and the increasing cost of insecticides, have helped to stimulate efforts to
identify and develop alternate and novel pest control measures (Greenplate et al.
2000a, Gore et al. 2001, Greenberg et al. 2001).

f. Transgenic cotton

The first Bt transgenic cotton varieties expressing the same gene construct of Cry1 Ac

were commercially released in the United States (licensed by Monsanto, St. Louis
under the tradename, Bollgard) and in Australia(Ingard) in 1996(Olsen and Daly

2000). Genetically modified cotton varieties have been adopted rapidly since their
introduction (Carpenter and Gianessi 2000). Area under cultivation of Bt cotton has
increased from 749,431 ha(1996)to greater than 2.1 mha(2000)(Williams 1997,

2000). By 1999, South Carolina was a major adopter of transgenic cotton, with 84% of
total hectarage, followed by Alabama, Louisiana, Mississippi, and Florida, all of

which planted over 60% of total hectarage to Bt varieties (Carpenter and Gianessi
2000). A reduction in the amount of insecticides used has been observed for transgenic
crops, especially in cotton (Tang et al. 2001, USDA-EPA 1999). This reduction in
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number of insecticide applications is believed to help reduce the threat of secondary

pest outbreaks in the crop. Transgenic cotton also demonstrated an increase in yield of
lint(Lentz et al. 2001). Other potential benefits of the adoption of transgenic cotton
are a yield/cost stabilization and more environmentally compatible management of
important pests (Phillips 1995, Benedict 1996). Benefits would also increase the

sustainability of the system and may provide future benefits in terms of resource
conservation (Phillips 1995, Benedict 1996). A resistance management program was

designed for the transgenic cotton product, as a result of an agreement between the
Environmental Protection Agency and the company marketing this technology
(Edens et al. 1998).

The cotton plant has been genetically transformed by introduction of genes from
the common spore-forming soil bacterium Bacillus thuringiensis (Berliner) var.
kurstaki(Perlak et al.l990). These modified bacterial genes code for the proteinaceous

5-endotoxins Cry1 Ac and Cry2Ab, which have insecticidal properties. Once the

protease enzymes produced in the insect's midgut have activated the toxins, the
activated toxins bind to certain specific receptor sites on the midgut cell membrane.

This binding affects ion exchange across the membrane and also results in the
formation of pores and lysis of the cells of the midgut. The insect stops feeding and

eventually dies(Schnepf et al. 1998). The initial gene insertion resulted in expression
levels that were too low to provide a useful level of insect control (Perlak et al. 1990,

Benedict et al. 1992a). The expression of these insecticidal genes was increased in
cotton plant tissues by altering the coding sequence of the gene (Perlak et al. 1990).

Constitutive expression of the transformed genes from B. thuringiensis (Berliner)
(Bt)in crop plants can cause a continuous production ofthe toxins(Jouanin et al.
1998). The 5-endotoxin is produced throughout the cotton plant and through its entire

field life (Benedict 1996). It cannot be washed off or broken down by environmental
factors such as the sun, unlike conventional synthetic and biological insecticides
(Benedict 1996). The 5-endotoxins from B. thuringiensis var. kurstaki are highly

specific to lepidopteran pests, acting on the insect midgut after being ingested (Gill et
al. 1992, Fischhoff 1996).

The development of transgenic cotton was considered an exciting tool with a

great deal of potential for the management of several lepidopteran pests of cotton.
Bollgard I cotton(SG125BR)is a transgenic variety produced by scientists at

Monsanto by the insertion of the Cry1 Ac 5-endotoxin producing genes, from B.
thuringiensis var. kurstaki. The Cryl Ac 5-endotoxins produced by B. thuringiensis

(Berliner) var. kurstaki cotton cultivars is highly effective for controlling the tobacco
budworm, Heliothis virescens (P.), and the pink bollworm,Pectinophora gossypiella

(Saunders)(Macintosh et al. 1990, Gowron-Burke and Baum 1991, Henneberry and
Jech 2000, Tabashnik et al. 2000a, Ashfaq et al. 2001, Liu et al. 2002).

Bollgard 1 cotton with the Cryl Ac 5-endotoxin, however has not been found to be
efficacious against Spodoptera spp., such as the beet armyworm,the fall armyworm,

Spodopterafrugiperda (J.E. Smith), or the soybean looper, Pseudoplusia includens
(Walker). The expression profile ofthe CrylAc gene has indicated that the expression
of CrylAc 5-endotoxin decreases with plant age (Pitt 1998, Greenplate et al. 2000a,
10

Adamczyk et al. 2001a, 2001b). Previous studies suggest that this reduction observed
in Cry1 Ac expression is associated with changes in protein concentration (Thompson

et al. 1976, Sachs et al. 1998). Plant-toxin interaction also has been seen to reduce
either the availability or the toxicity ofthe Cry 1 Ac protein in fruiting versus pre-

square plants (Olsen and Daly 2000). The total protein in the leaves of older plants is
reduced as a result of a three to five fold decline in protein synthesis over the growing
season(Thompson et al. 1976). The concentration of Cryl Ac protein as a proportion
ofthe total protein also was found to decline (Sachs et al. 1998). Toxicity of Bt cotton

may not be related to just the amount of Cry 1 Ac protein in the plants(Olsen and Daly
2000). Studies on non-transgenic cotton indicate a change in the level of secondary
compounds, such as phenolics or terpenoids, as the plants mature(Zummo et al.
1984). These compounds are known to alter the toxicity of Bt proteins against

lepidopteran larvae, both positively and negatively(Navon et al. 1993, Gibson et al.
1995, Sachs et al. 1996).

Certain correlations have been drawn between the differences in Cryl Ac

expression levels in leaves of different Bollgard varieties to the variation in survival of
lepidopteran species, which show an intrinsic tolerance to the toxin in the laboratory
and in field studies(Adamczyk et al. 2001a, Layton 2000). The terminal leaves of the

cotton plant have been found to have a higher expression ofthe Cryl Ac 6-endotoxin
when compared to other plant structures, such as the flowers (Greenplate 1999,
Greenplate et al. 2000a, Adamczyk et al. 2001a).
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A cotton cultivar with Cry1 Ac and Cry2Ab genes from B. thuringiensis var.
kurstaki was produced and released by Monsanto under the trade name Bollgard II

(DPLX0IW970R)(Moar et al. 1990, Inagaki et al. 1991, Sivasupramaniam et al.
2001). Bollgard II eotton was produced by the insertion of the Cry2Ab gene into the
DPSOB (Delta and Pine Land)cotton, which already had the Cry1 Ac toxin, by the

process of particle gene bombardment(Mahaffey et al. 2000). The Cry2Ab gene was
added to provide greater insecticidal activity against target pests and to broaden the

spectrum of total pests controlled (Gore et al. 2001). This dual gene line has been
shown to have approximately the same expression level of Cry1 Ac 5-endotoxin, but
the expression level of the Cry2Ab 8-endotoxin was found to be ten times higher than

Cryl Ae expression levels throughout the growing season (Greenplate et al. 2000b,
Adamezyk et al. 2001c). The two genes were found to segregate separately and the
overall expression of the Cry2Ab gene did not have any detrimental effect on the
Cryl Ac expression levels (Greenplate 2000b, Adamezyk et al. 2001c).
The addition of the Cry2Ab gene to transgenie cotton containing CryI Ac
significantly increased activity against pests such as soybean looper, and to a lesser

extent against the salt marsh caterpillar, Estigmene acrea (Drury), the fall armyworm
and the bollworm, Helicoverpa zea (Boddie)(Ridge et al. 2000, Stewart and Knighten

2000, Adamezyk et al. 200le. Gore et al. 2001). The satisfactory controls showed by

Bollgard II towards the bollworm, fall armyworm and soybean looper indicates that
this cotton variety will be benefleial in areas where multiple lepidopteran pest species

reach economically damaging levels during most years(Gore et al. 2001). Depending

12

on species, the increased insecticidal activity of Bollgard II compared to Bollgard I
could be due to increased potency of Cry2Ab, increased overall expression level of
Cry2Ab, or possibly a synergistic combination(Adamczyk et al. 2001b). The
utilization of multiple toxins with dissimilar modes of action and/or sites of action in
the genome of the cotton plant should decrease the likelihood of resistance
manifestation. It is imperative, however, that both toxins provide additive activity with
minimal cross-resistance to slow the development of resistance (Tabashnik 1994,
Gould 1998, Stewart and Knighten 2000).

Roundup Ready cotton (released by Monsanto) shows resistance to topical or postdirected applications of the herbicide. Roundup (glyphosate)(Jones and Snipes 1999).
Glyphosate is a competitive inhibitor of the 5-enolpyruvylshikimate-3-phosphate
synthase enzyme in the shikimic acid pathway, which is needed to synthesize the

essential amino acids tryptophan, tyrosine, and phenylalanine(Comai and Stalker

1986). Resistance to glyphosate has been achieved by placing a cloned gene for
inhibited enzyme from Agrobacterium spp. strain CP4 into the cotton genome

(Johnson 1996). Post-emergence glyphosate applications in transgenic cotton are a
valuable tool for weed management, as these applications offer the potential for
control of a broader spectrum of weeds compared to other cotton herbicides (Jones and
Snipes 1999).

13

g. Research objectives

This research consisted oftwo components: 1) evaluation of the survival,
developmental time, and pupal weights of beet armyworm larvae reared from the first
instar until pupation on conventional Roundup Ready(SG521R), Bollgard I
(SG125BR),and Bollgard 11(DPLX01W970R)cotton varieties, and 2)evaluation of

the survival, developmental time, and pupal weights of beet armyworm larvae reared
from the third instar until pupation on conventional Roundup Ready(SG521R),
Bollgard I(SG125BR), and Bollgard II(DPLXOl W970R).
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CHAPTER II

MATERIALS AND METHODS

i. Cotton plants

Three varieties of cotton, conventional Roundup Ready(SG521R), Bollgard I
(SG125BR), and Bollgard II(DPLX0IW970R)expressing none, one, and two
insecticidal proteins from B. thuringiensis (Berliner) var. kurstaki, respectively were
used in these studies in 2003. The seeds of the different cotton varieties were planted
in 3.8 liter plastic pots, filled with an 80:20 mixture of potting mix (Sungro Sunshine
LCI)and seedling mixture (Scotts Redi-earth) on 3 December 2002. Each seed was

planted at a depth of about one cm below the soil surface in the pot. One hundred and
fifty cotton plants(11 groups with five plants of each variety in each group) were

randomly planted in groups in the greenhouse. As a few of the seeds failed to

germinate, around 8-10 of the pots were later removed. A temperature of 2I±2°C(70
± 3''F), and 75±5 % RH was maintained in the greenhouse. Plants were fertilized
fortnightly (20-20-20 fertilizer) from two weeks after emergence, at a rate of about
0.5g/pot. The cotton plants were used for the different experiments, for 2.5 months to
six months after planting. The greenhouse was located at the University of Tennessee
Plant Sciences Farm, Knoxville, TN.
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ii. Insect colony

Beet armyworm pupae obtained from Dow AgroSciences, Indianapolis, IN, were used
to initiate the colony in spring 2003. These were later supplemented with individuals
obtained from the beet armyworm colony maintained at the West Tennessee

Experiment Station, Jackson, TN. Beet armyworms were reared in a growth chamber

where the temperature was maintained at 25±5° C (7719*^ F), with a photoperiod of
14L:I0D (hours). Larvae were reared on a modified version of the pinto bean diet

described by Greene et al.(1976). Formaldehyde(10 ml), 2 g of chlorotetracycline

was added per 1,600 g of prepared diet(400 g presoaked pinto beans, 1,200 ml
distilled water) to prevent the growth of pathogens. Approximately 10 ml ofthe

prepared diet was poured into 30 ml plastic translucent cups. About 5-6 newly hatched
beet armyworm larvae were placed into each cup.

As they developed, the pupae were collected from the plastic cups with the bean
diet(26-30 days after being placed in the cups) and transferred into 3.8 liter glass jars.

An approximately equal number of male and female pupae (15-20) were put into each
jar, which served as the adult habitat. Male pupae were distinguished by the presence
of a pair of prominent protuberances on the ventral midline of the ninth stemite. When
the adults emerged about 6-8 days later from the pupal cases, they were provided with
cotton balls soaked in a 10% honey:water solution. The honey solution served as a
source of moisture and food. Two strips(25 cm long x 10 cm wide) of cotton

cheesecloth were hung from the top of the jar to provide oviposition sites for the

moths. A square (15 cm long x 15 cm wide) of cotton cheesecloth was used to cover
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the jar and provided an additional ovipositionai substrate. The covering cheesecloth
and oviposition strips were secured to the lip of the jar with a rubber band. Jars were
checked two times each week for eggs. The eggs were allowed to hatch and the
neonates were used for the different experiments and for perpetuating the colony.

Hi. Experimental procedure

For the first set of experiments, beet armyworm neonates were placed individually in

30 ml plastic cups along with a 5 cm^ section of moistened filter paper(Baxter
Scientific Products) and a 4 cm^ section of cotton leaf tissue, and closed with plastic
lids. Cotton leaves from the second or third nodes from the top of the plants of

conventional Roundup Ready(SG125R), Bollgard 1(SG125BR), and Bollgard II
(DPLXOl W97R)cotton varieties were used for the three different feeding trials. The

cups containing the larvae were then placed in a growth chamber at 25±5''C (7719" F)
and a photoperiod of 14D:10L (hours). Individual beet armyworm larvae were

assigned to feed on the cotton leaf tissue till they died or pupated. The experiment was

repeated four times, each involving the same feeding regime. The leaf tissue in each
cup was replaced every other day. Data about the number of individuals surviving to
pupation, the mean developmental time to pupation (days) and the mean pupal weight

(mg)were collected. The developmental time was estimated as the number of days
that elapsed between the date of artificial infestation of the beet armyworm larvae on
the different cottons and the date of pupation. The pupae were weighed either

immediately after pupation or within a period of 24 hours, using a top loading electric
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balance. A larva was considered dead if it did not move when prodded slightly with a
fine brush; dead larvae were discarded.

For the second set of experiments, beet armyworm neonates were first reared on
an artificial pinto bean diet as described earlier. Larvae that had reached the third
instar(18-20 days after being placed on artificial diet) were collected. The third instar
•

•

2

*

larvae were then placed individually in 30 ml plastic cups along with a 5 cm section

of moistened filter paper and a 4 cm^ section of cotton leaf tissue, and closed with
plastic lids. Cotton leaves from the second or third nodes from the top of the plants of
conventional Roundup Ready(SG125R), Bollgard I(SG125BR), and Bollgard II

(DPLXOl W97R)cotton varieties were used for the different experiments. The cups
containing the larvae were then held under conditions similar to the first set of
experiments with the first instar larvae. The experiment was repeated four times, each
involving the same feeding regime. The leaf tissue in each cup was replaced every
other day. Data about the number of individuals surviving to pupation, the mean
developmental time to pupation (days) and the mean pupal weight(mg)were
collected. The developmental time was estimated as the number of days that elapsed
between the date of artificial infestation of the beet armyworm larvae on the different

cottons and the date of pupation. The pupae were weighed either immediately after

pupation or within a period of 24 hours. A larva was considered dead if it did not
move when prodded slightly with a fine brush; dead larvae were discarded.
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iv. Statistical analysis

A one-way analysis of variance(ANOVA)(SPSS 2001) was used to deteet differences

among the cotton varieties. Dunnett's T3 test was used to compare the means of pupal
weight and developmental time for the first set of experiments with the first instars of
the beet armyworm, due to the lack of homogeneity of variance (Levene's test).
Tukey's HSD was used to compare the means of pupal weight and developmental time
for the second set of experiments with the third instars, as the variance was
homogeneous. In addition, the means for developmental time were analyzed using
Chi-Square tests(Two-sided Pearson's Chi-Square test).
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CHAPTER III
RESULTS AND DISCUSSION

i. Evaluation of first instar experiments

Survival to pupation of S. exigua(n=130) was significantly influenced by the cotton

variety. Survival of 66.2%, 56.2%, and 24.6% past the selected cutoff period of 20
days was observed for beet armyworm larvae reared on eonventional Roundup Ready,
Bollgard I, and Bollgard II cottons, respectively (Table 1). The 6-endotoxins produced
by the Cryl Ac-Cry2Ab gene insert in Bollgard II cotton seems to be highly
unfavorable to the survival of the first-instar beet armyworm larvae to pupation. The

Cryl Ae 6-endotoxin present in Bollgard I cotton also has a deleterious effect on the
survival ofthe first instar larvae, when compared to conventional Roundup Ready
eotton without any 5-endotoxins.

B. thuringiensis proteinaceous Cryl Ac 5-endotoxin is less toxie to S. exigua than
CrylAa and CrylAb(Moar et al. 1990). The low survival rates of beet armyworm
being fed on Bollgard II cotton would suggest that continuous feeding through

pupation would not cause economic damage to the crop, unless in circumstances
where the pest population densities were unusually high. The Chi-Square test(x
=48.903, df=2,P< 0.01) indicated that the variety of eotton used in the feeding

experiments had a significant effect on the mean developmental time of the beet
armyworm larvae. The results of the Dunnett T3 test show that the developmental time
of individuals fed on Bollgard II cotton differed significantly from the beet
20

Table 1. Survival(%)of the beet armyworm,S. exigua, reared from the first
instar until pupation on conventional Roundup Ready, Bollgard I, and Bollgard II
cottons, Knoxville, TN,2003.

Cotton variety
conventional

n"

Survival(%)*
Less than 20 days ^ 20 days or more

130

33.8%

66.2%

Bollgard I

130

43.8%

56.2%

Bollgard II

130

75.4%

24.6%

Roundup Ready

* Number of larvae that survived until pupation divided by the number of larvae used
to initiate the experiment x 100

" Total number of first instar beet armyworm larvae placed on the selected cotton
varieties

^ Percentage of beet armyworm larvae that did not survive until the 20 day cutoff
period

Percentage of beet armyworm larvae that survived for 20 days or more

armyworm larvae fed on Bollgard I cotton (P=0.003)and conventional Roundup

Ready cotton(P=0.009)(Table 2). The developmental time of larvae reared on
Bollgard I cotton was also significantly different from those reared on conventional
Roundup Ready cotton (P=0.021). Spodoptera exigua larvae reared on diet containing
sub-lethal doses of B. thuringiensis Cry 1 Ac proteins had a longer larval stage (Dabbs
1995). Similar results were also reported by Stapel et al.(1997), who found that S.

exigua when fed on diet containing Cry I Ac toxin had a longer developmental time.
The developmental time of beet armyworm larvae reared on Bollgard II cotton until
pupation was extended the most when compared to larvae reared on Bollgard I or
conventional Roundup Ready cottons. The slower development on Bollgard II cotton
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Table 2. Mean developmental time(±SE)ofthe beet armyworm,S. exigua, reared
from the first instar until pupation on conventional Roundup Ready, Bollgard I, and
Bollgard II cottons, Knoxville, TN,2003.

Cotton variety

n''

Mean developmental time ±
SE (days)

conventional

Roundup Ready

86

27.43 ±0.178a

Bollgard I cotton

73

30.27 ±0.I83b

Bollgard II cotton

32

31.71 ± 0.176c

different(P<0.05), using Dunnett's T3 test[SPSS 2001]; SE - Standard error
Number of first instar beet armyworms reared to pupation on the selected
cotton varieties

could possibly increase overwintering mortality of the beet armyworm larvae, as the
larvae might be unable to reach the correct stage for 'diapause' by the end of the

cropping season. A slower developmental time might also increase mortality of
surviving insects, due to a greater exposure to natural enemies of the pest and abiotic
mortality factors.

The results of the ANOVA (F=4.474, df=2,186, P=0.013)indicate a statistical
significance in the mean pupal weights among three varieties of cotton. The Dunnett
T3 test shows significant differences in pupal weights of beet armyworm larvae fed on
Bollgard II cotton when compared to those fed on Bollgard I(P=0.0I5) and

conventional Roundup Ready(P= 0.005) cottons. There were also significant
differences between the pupal weights of individuals reared on Bollgard I cotton and
conventional Roundup Ready cotton (P=0.025)(Table 3). Sub-lethal doses of
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Table 3. Mean pupal weight(+SE)of the beet armyworm,S. exigua, reared
from the first instar until pupation on conventional Roundup Ready, Bollgard I, and
Bollgard II cottons, Knoxville, TN,2003.

Cotton variety

n"

Mean pupal weight ± SE
(mg)

conventional

Roundup Ready

86

0.0587 iO.OOIa

Bollgard I cotton

73

0.0513 ± 0.001b

Bollgard II cotton

32

0.0426 iO.OOIc

#

^

different(P<0.05), using Dunnett's T3 test[SPSS 2001]; SE = Standard error

^ Number of first instar beet armyworms reared to pupation on the selected
cotton varieties

B. thuringiensis Cry 1 Ac endotoxin in diet reduced the pupal weight of S. exigua
(Dabbs 1995). A similar reduction in pupal weights was observed in Spodoptera

frugiperda larvae fed on Bt cotton with the Cry 1 Ac toxin(Adamczyk et al. 1998). A
reduction in pupal weights of Helicoverpa zea and Heliothis virescens was also
observed on Bt cotton with Cry I Ac toxin(Halcomb et al. 1996). The reduction in

pupal weight was found to be greatest in larvae fed on Bollgard II. This reduction in
pupal weight could possibly negatively impact the fecundity of adult survivors.
ii. Evaluation of third instar experiments

Survival to pupation of 5". exigua (n=76) was significantly influenced by the cotton

variety. Survival rates ofl2A%,50.0%, and 34.2% past the selected cutoff period of
eight days were observed for beet armyworm larvae reared on conventional Roundup
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Ready, Bollgard I, and Bollgard II cottons, respectively (Table 4). The 5-endotoxins
produced by the Cryl Ac-Cry2Ab gene insert in Bollgard II cotton appear to be
unfavorable to the survival of the third instar beet armyworm larvae until pupation.

The Cryl Ac 6-endotoxin in Bollgard I cotton also was found to detrimentally affect
the survival of the third instar larvae when compared to conventional Roundup Ready
cotton without 5-endotoxins. However,the third-instar beet armyworm larvae seem
more resistant to the Cryl Ac 5-endotoxin in Bollgard I and Cry2Ab 5-endotoxin in
Bollgard II, as the survival rates are higher compared to the experiments where the

larvae were reared from the first instar until pupation on the different cotton varieties.
In mixed plantings of Bt and non-Bt cotton, beet armyworm larvae could possibly
develop on non-Bt plants and then move to Bt at a later stage of development to feed
and cause economic damage. Bollworm larvae have also been shown to become

increasingly tolerant to the Cryl Ac toxin with increase in size or instar and they are
typically able to feed and survive on Bt cotton once they reach the third instar(Agi et
al. 2001). The developmental time of beet armyworm larvae reared from the third
instar was influenced significantly by the variety of cotton used in the experiment

(Table 5). Chi-Square test(x^ =22.394, df=2, P<0.01) indicated a significant
difference in the mean developmental time of individuals reared on Bollgard II cotton

compared to larvae reared on Bollgard I(0.0212) and conventional Roundup Ready
cotton (P=0.0300). The developmental time of beet armyworm larvae reared on
Bollgard II cotton was extended the most, compared to larvae fed on Bollgard I or
conventional Roundup Ready cotton. This slower development could possibly
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Table 4. Survival(%)of the beet armyworm,S. exigua, reared from the third instar

until pupation on conventional Roundup Ready, Bollgard I, and Bollgard II cottons,
Knoxville, TN,2003.

Survival(%)*
8 days or more

Cotton variety

n"

Less than 8 days ^

conventional

76

27.6%

72.4%

Bollgard 1

76

50.0%

50.0%

Bollgard 11

76

65.8%

34.2%

Roundup Ready

* Number of larvae that survived to pupation divided by the number of
larvae used to initiate the experiment x 100

^ Total number ofthird instar beet armyworm larvae reared to pupation on the selected
cotton varieties

^ Percentage of beet armyworm larvae that did not survive until the eighth day cutoff
period

Percentage of beet armyworm larvae that survived for eight days or more

Table 5. Mean developmental time(±SE)of the beet armyworm,S. exigua, reared
from the third instar until pupation on conventional Roundup Ready, Bollgard I, and
Bollgard II cottons, Knoxville, TN,2003.
Cotton variety

n"

'Mean developmental time ±
SE (days)

conventional

Roundup Ready

86

6.00 ± 0.401a

Bollgard I cotton

73

7.86 ± 0.393b

Bollgard II cotton

32

9.80 ± 0.317c

different(P<0.05), using Tukey's HSD test[SPSS 2001]; SE = Standard error
* Number of third instar beet armyworms reared to pupation on the selected
cotton varieties

increase mortality due to exposure to natural enemies or abiotic mortality factors.
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Mean pupal weights of beet armyworm larvae reared individually on the three
different cotton varieties was not significantly different(F=0.843, df=2,l 10, P=0.064)

(Table 6). Tukey's test further confirmed the lack of statistical significance between
the cotton varieties (P>0.05). The Cryl Ac and Cry2Ab 6-endotoxins in Bollgard II or
the Cryl Ac 6-endotoxin in Bollgard I cottons, do not seem to detrimentally impact the
pupal weights of beet armyworm larvae if the larvae near the end of their

developmental cycle infest these cottons. The lack of response in experiments with the
third instar beet armyworms could however indicate a lack of response, or possibly the
response was not large enough to overcome the variation among the larvae because of
the relatively short feeding time. Further research should focus on evaluation of the
impact of transgenic cotton varieties such as Bollgard II on the emergence of adults
and their fecundity. This would help determine the impact of such varieties on
successive generations of the pest.

Table 6. Mean pupal weights(±SE)of the beet armyworm,S. exigua, reared from
the third instar until pupation on conventional Roundup Ready, Bollgard I, and
Bollgard II cottons, Knoxville, TN,2003.
Cotton variety

n

Mean pupal weight ± SE
(mg)

conventional

Roundup Ready

86

0.0470 ± 0.001a

Bollgard I cotton

73

0.0456 iO.OOIa

32
0.0445 ± 0.001a
Bollgard II cotton
Means followed by the same letter within the same column are not significantly
different(P<0.05), using Tukey's HSD test[SPSS 2001]; SE = Standard error

^ Number of third instar beet armyworms reared to pupation on the selected cotton
varieties
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CHAPTER IV
CONCLUSIONS

The cotton crop is a vital contributor to the economy ofthe United States. The crop
was worth 3.59 billion dollars in 2002(USDA 2002). The development of transgenic
cotton offered cotton producers a different and exciting tool for pest management.
However, this technology must be used wisely in combination with other pest and
crop management practices to succeed. The beet armyworm,formerly described as an
occasional pest is now a cause of increasing concern as it has recently been
responsible for extensive economic damage.

The objectives of this study were: 1) evaluation of the survival, developmental
time, and pupal weights of beet armyworm larvae reared from the first instar until

pupation on conventional Roundup Ready(SG521R), Bollgard I(SG125BR), and
Bollgard II(DPLXOl W970R)cotton varieties, and 2)evaluation ofthe survival,

developmental time, and pupal weights of beet armyworm larvae reared from the third
instar until pupation on conventional Roundup Ready(SG52IR), Bollgard I
(SG125BR), and Bollgard II(DPLXOl W970R).

Bollgard II cotton with Cry I Ac and Cry2Ab 6-endotoxins was found to
detrimentally influence the survival of beet armyworm larvae, significantly extend the

developmental period of the larvae, and reduce pupal weights of individuals reared on
from the first instar. The survival of beet armyworms reared on Bollgard II cotton

from the third instar was also negatively influenced by the presence of the toxins

expressed in the tissues. The developmental time of the larvae from the third instar
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until pupation was extended significantly. Bollgard II cotton however, did not
influence the pupal weights of the survivors in a significant manner.

Bollgard I cotton with the Cry I Ac 5-endotoxin was also found to negatively
influence the survival of beet armyworm larvae, significantly extend the
developmental period ofthe larvae, and reduce pupal weights of individuals reared on
the variety from the first instar. The impact, however, was not as dramatic as the

impact ofthe Bollgard II cotton variety on the first instar beet armyworm larvae. The
survival of beet armyworms reared on Bollgard I cotton from the third instar was not

influenced by the presence of the toxin expressed in the tissues. An equal number of
survivors and non-survivors were seen. Feeding the beet armyworm larvae with
Bollgard I leaf tissue from the third instar until they pupated was found to significantly
extend the developmental time of the larvae. However, Bollgard I cotton did not
influence the pupal weights of the survivors in a significant manner. Conventional

Roundup Ready cotton was used as the control in the experiments with the first and
third instars of beet armyworm larvae, as this variety does not have any of the 5endotoxins from B. thuringiensis inserted into Bollgard II or Bollgard I in its genome.

Cultivar performance trials are especially important to cotton producers, as it
enables them to select cultivars that are best suited to their specific conditions. It also

enables them to effectively and economically manage pest populations. Transgenic
technology has been progressing by leaps and bounds, and it is thus imperative to

conduct current research and constantly update our information on the performance of
the various cultivars being released commercially. This study aims at such an update
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of our knowledge about the survival and development of the beet armyworm on
conventional Roundup Ready cotton, Bollgard I and Bollgard II cottons. Extension

agents could possibly use this information to recommend the cultivation of these

varieties in appropriate situations. In addition, this study could supply information on
the insect control potential of a stacked gene transgenic variety, namely Bollgard II

cotton. Such information is of importance, especially when the development of such
double gene insert varieties could possibly delay the incidence of insect resistance to

the Bt toxins. This strategy, if seen to be successful, could be utilized in addition to the
currently approved strategy of maintaining a non-Bt refuge crop near a Bt crop.
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